The aim of this study was to investigate the role of the aromatic substituents of the curcumin scaffold on the antibacterial activity of the resulting curcumin analogues. Six curcumin analogues with different aromatic substituents were prepared and their antibacterial activities were evaluated against two Grampositive and four Gram-negative bacteria. The structure-activity relationship study demonstrated that antibacterial activity of the curcumin analogues was critically dependent upon the aromatic hydroxyl group. Thus, hydroxycurcumin with an additional aromatic hydroxyl group on the curcumin scaffold showed antibacterial activity against all six pathogens tested and it remained effective even against ampicillin-resistant Enterobacter cloacae. Along with the previously reported antioxidative effect, the broad-spectrum antibacterial activity of the hydroxycurcumin warrants further investigation of its biological activity as well as extensive structure-activity relationship study of the curcumin analogues with various aromatic substituents.
Curcumin (diferuloylmethane, 1), a natural yellow pigment derived from rhizomes of Curcuma longa, has been shown to exhibit antioxidant [1, 2] , antitumor [3, 4] , anti-inflammatory [5, 6] , antiviral [7, 8] , and antibacterial properties [9] [10] [11] . The curcumin molecule (1) is symmetric around the central methylene group and has an aromatic ring substituted with methoxy and hydroxyl groups at the meta-and para-positions, respectively. Thus, it was of interest to investigate the role of the aromatic substituents on the biological activity of curcumin analogues. Previously [12] , we have prepared six curcumin analogues (2-7) ( Figure 1 ) with different aromatic substituents and evaluated their antioxidant effects (Table 1) . Among the series, compound 4 showed significantly improved antioxidative effects compared with curcumin, but none of the others were active. These interesting results led us to hypothesize that a hydroxyl group is a prerequisite for the antioxidative effect of curcumin and an additional aromatic hydroxyl group on the curcumin scaffold potentates the biological activity of the resulting analogues. Based on this hypothesis, in this study, we investigated the effects of the aromatic substituents on the antibacterial activity of the curcumin analogues.
Curcumin (1) and its analogues (2-7), prepared as previously described [12] , were evaluated for antibacterial activities against Gram-positive pathogens such as Staphylococcus epidermidis and Micrococcus luteus, and Gram-negative pathogens such as Pseudomonas aeruginosa, Enterobacter cloacae, Enterococus sp. and Escherichia coli. Ampicillin was used as a control and its antibacterial activity was evaluated under identical conditions for comparison. Antibacterial activity was determined by the reading of inhibition zone diameters (mm) after 24 hours of incubation at 37°C [13] . Thus, the stock solutions of curcumin and its analogues prepared in acetone were serially diluted (20, 10, 5 mM) and added to Mueller-Hinton broth, after which a standardized bacterial suspension was added. Each test was performed in triplicate and the final results have been tabulated ( as 4 and 5 were found to be more active than curcumin. In particular, compound 4, a curcumin analogue with an additional hydroxyl group on the curcumin scaffold, possessed moderate to potent in vitro activity against all 6 target pathogens. The hydroxycurcumin 4 showed more potent activity against Grampositive bacteria, such as S. epidermidis and Micrococcus. Also noteworthy was that the curcumin analogue 4 exhibited activity against the ampicillin-resistant E. cloacae [14] . On the other hand, antibacterial activity of the monohydroxy curcumin analogue 5 was limited to the Gram-positive pathogens. Other curcumin analogues (2, 3, 6, and 7) , which can be commonly categorized as nonphenolic, failed to show activity against any of the bacteria tested. This result is reminiscent of the antioxidative effect of the same series of curcumin analogues ( The antibacterial activity of curcumin is well known [9] [10] [11] , but structure-activity relationship studies of curcumin analogues on antibacterial effects have rarely been performed. In this study, we prepared six curcumin analogues with different aromatic substituents and evaluated their antibacterial activity in comparison with curcumin. Antibacterial activity of the curcumin analogues was critically dependent upon the aromatic hydroxyl group. Thus, hydroxycurcumin 4 showed activity against all pathogens tested and was effective even against the ampicillin-resistant strain of bacteria. Along with the previously reported antioxidative effect [12] , the broad-spectrum antibacterial activity of 4 warrants further investigation of its biological activity, as well as extensive structure-activity relationship studies of the curcumin analogues with various aromatic substituents.
Experimental

Preparation of curcumin and its analogues:
Curcumin was purchased from Sigma, and the curcumin analogues were prepared as previously described [12] . Acetone was used as the solvent for curcumin and its analogues.
Antibacterial activity:
A modified agar diffusion Kirby-Baur's method was used to determine antibacterial activity. Stock solutions of the curcumin derivatives and ampicillin were prepared at 5, 10 and 20 mM. Sterile paper discs (8 mm) were loaded with 50 μL solutions and subsequently dried to remove acetone at room temperature. Each bacterium (Staphylococcus epidermis, Micrococcus luteus, Pseudomonas aeruginosa, Enterobacter cloacae, Enterococcus sp. and E. coli, was inoculated in 2 mL Mueller-Hinton medium. The culture grew until absorbance at 600 nm reached 1.2. The Mueller-Hinton agar was poured into Petri dishes to give a sold plate and spread with 30 μL of each bacterial culture broth. The discs were deposited on the surface of inoculated agar plates, which were then incubated at 37°C for 24 h. Inhibition zone diameters around each of the discs were measured. 9, -, ---9, 9, -9, 9, -
19, 17, 17 14, 14, 13 11, 11, -9, 9, 9 9, 9, -15, 13, -5 12, 12, -10, 10, - 
